Background: Whether low-dose azathioprine (AZA) is effective in maintaining remission in patients with steroid-dependent ulcerative colitis (UC) remains unclear. We assessed the efficacy and safety of low-dose AZA in a Chinese population with UC. Methods: We identified steroid-dependent UC patients in clinical remission on AZA maintenance therapy from a territory-wide IBD Registry. Standard-and low-dose AZA were defined as at least 2 mg/kg/day and less than 2 mg/kg/day, respectively. Relapse rates were analyzed by Kaplan-Meier analysis and compared using log-rank test. Results: Among 1226 UC patients, 128 (53% male, median duration on AZA 44 months) were included. Median maintenance AZA dose was 1.3 mg/kg/day. 97.7% of the patients were on concomitant oral 5-aminosalicylic acid. Cumulative relapse-free rates in patients on standarddose and low-dose AZA were 71.2%, 52.8% and 45.2%, and 71.8%, 55.3% and 46.2% at 12, 24 and 36 months, respectively (p = 0.871). Relapse rate within 12 months was higher in patients who withdrew compared with those who maintained on AZA (52.6% versus 29.4%; p = 0.045). Mean corpuscular volume increased after AZA therapy in both of the low-dose [median (interquartile range, IQR): 88.2 (81.4-92.2) versus 95.1 (90.1-100.9) fl, p < 0.001] and standard-dose subgroups [median (IQR) 86.8 (76.9-89.9) versus 94.7 (85.9-99.7) fl, p < 0.001]. Leukopenia occurred in 21.1% of the patients. Patients on standard dose had a higher risk for leukopenia than those on low-dose AZA [odds ratio (OR) 3.9, 95% CI 1.9-8.2, p < 0.001].
Introduction
The immunomodulating drug, azathioprine (AZA) is effective for maintenance of remission [Timmer et al. 2012] and recommended in most guidelines as a first-line therapy for steroiddependent ulcerative colitis (UC) [Mowat et al. 2011; Dignass et al. 2012b] . The recommended maintenance dose of AZA is 2.0 to 2.5 mg/kg/day [Mowat et al. 2011; Dignass et al. 2012b] , as supported by several small-scale randomized controlled trials showing that maintaining on such dose of AZA is effective in preventing disease relapse [Jewell and Truelove, 1974; Sood et al. 2002] . Dose-response effect of AZA remains unclear. A recent meta-analysis investigating AZA for maintenance of remission in Crohn's Low-dose azathioprine is effective in maintaining remission in steroid-dependent ulcerative colitis: results from a territorywide Chinese population-based IBD registry disease [Chande et al. 2015] showed a significant difference favoring 2 mg/kg/day AZA over placebo, whereas no statistically significant differences were found between AZA and placebo for the 2.5 mg/kg/day or 1 mg/kg/day subgroups. However, significantly more serious adverse events were observed in patients on higher doses of AZA.
Studies from Asia have shown that myelotoxicity occurred in approximately 20-40% of patients receiving AZA for treatment of inflammatory bowel disease (IBD) [Hibi et al. 2003; Huang, 2009; Kim et al. 2009; Gao et al. 2012; Ran et al. 2012 ]. This figure is much higher than that (around 7%) reported in studies from western countries [Gisbert and Gomollon, 2008] . Therefore, most physicians in Asia tend to start AZA at a lower dose and gradually titrate in order to avoid side effects [Huang, 2009; Kim et al. 2009] . Several studies from Asian countries showed that low-dose AZA is effective for maintaining remission in UC patients [Hibi et al. 2003; Kim et al. 2009; Gao et al. 2012; Ran et al. 2012] . However, the efficacy of low-dose AZA in maintaining remission in steroid-dependent UC patients remains unclear due to limited number of small-scale studies, heterogeneous population and short-term follow up.
In this multicenter long-term observational study, we aimed to investigate the efficacy and safety of low-dose AZA in maintaining remission in Chinese patients with steroid-dependent UC, based on data from a territory-wide IBD registry.
Methods
Steroid-dependent UC patients, defined as patients who were unable to reduce systemic steroids below the equivalent of prednisolone 10 mg/ day within 3 months of starting steroids without recurrent active disease, or who had a relapse within 3 months of stopping steroids [Dignass et al. 2012a] , diagnosed between 1981 and 2013, were identified from the Hong Kong IBD Registry. This registry represents the first territory-wide IBD registry in the Chinese population. It includes retrospective and prospective data collection of patients with IBD across 13 major public hospitals, and covers over 95% of IBD patients in Hong Kong. The diagnosis of UC was confirmed according to the Lennard-Jones criteria based on clinical symptoms, endoscopy and histology [Lennard-Jones, 1989] . Only patients who were on AZA for at least 4 months and had achieved steroid-free clinical remission for at least 3 months were included. Clinical remission was defined as the 6-point Mayo subscore of 0 (no diarrhea and no rectal bleeding). Clinical relapse was defined as a 6-point Mayo subscore of greater than 0, or increased symptoms that required adjustment or escalation of medication. Severity of disease relapse was assessed according to the Truelove and Witts criteria [Truelove and Witts, 1955] . Leukopenia was defined as a white blood cell count (WBC) less than 3 × 10 9 /l, and severe neutropenia was defined as neutrophil count less than 0.5 × 10 9 /l [Gisbert and Gomollon, 2008] . Recurrent leukopenia was defined as recurrence of leukopenia during AZA therapy (including patients who were rechallenged with AZA after previous discontinuation, and those who were put on the previous dosage at which leukopenia occurred). Hepatotoxicity was defined as an increase in serum alanine transaminase greater than twice the upper normal limit and resolution after withdrawal of treatment or reduction in the dosage [Avallone et al. 2014] .
Data collection
Data were extracted retrospectively from patient electronic files into standardized forms specifically designed for the registry. Additional data were obtained from patients' interviews. Data were entered into the registry database independently by two research staff. Patients' age, gender, smoking status (current smokers were defined as subjects who still smoked, exsmokers were defined as those who had stopped smoking and nonsmokers were patients who had never smoked at AZA initiation), family history of IBD within first-degree relatives, history of appendectomy, duration of UC at AZA initiation, disease extent (according to the Montreal classification) [Satsangi et al. 2006] , duration of AZA maintenance therapy, peak and maintenance dosages of AZA, laboratory markers including complete blood cell count (CBC), erythrocyte sedimentation rate and C-reactive protein, and concomitant aminosalicylic acid (ASA) and allopurinol were recorded.
Statistical analysis
Cumulative relapse-free rates and time to relapse were compared between patients on standarddose (⩾2 mg/kg/day) and low-dose (<2 mg/kg/ day) AZA. Time to relapse was compared between patients who maintained on, and discontinued, AZA. Categorical variables were analyzed using chi-square test or Fisher's exact test. Continuous variables were analyzed using t-test if they were normally distributed or MannWhitney U test if there was a skewed distribution. Cumulative relapse and moderate or severe relapse rates were analyzed by Kaplan-Meier analysis and compared using log-rank test. Twosided p values of less than 0.05 were considered significant. Statistical analyses were performed with IBM SPSS Statistics 20.0.
Ethical considerations
The study was approved by the ethics committee of each participating center.
Results

Patient characteristics
Among 1226 UC patients within the Hong Kong IBD registry, 278 (22.7%) had steroid-dependent disease. Of 210 patients prescribed with AZA, 49 were not taking AZA for at least 4 months (42 were on low-dose AZA). Of 161 patients on AZA for at least 4 months (median duration on AZA, 44 months), 128 (79.5%) who achieved steroidfree clinical remission for at least 3 months were included. The remaining 33 patients (15 on standard-dose and 18 on low-dose AZA) had not achieved steroid-free clinical remission. The baseline characteristics of included patients are shown in Table 1 . Among 35 (27.3%) patients who had reached standard dose, 22 (17.2%) maintained on standard dose. Reasons for the other 13 patients who reached standard dose, but maintained on low dose were leukopenia (n = 7), stable disease (n = 4) and unknown (n = 2).
Efficacy of azathioprine
Cumulative relapse-free rates were similar between patients on standard-dose and low-dose AZA (71.2%, 52.8% and 45.2% versus 71.8%, 55.3% and 46.2% during 12, 24 and 36 months, respectively, p = 0.871, Figure 1 ). Median time to relapse was 17 (IQR 6-31) months in patients on standard-dose, and 21 (IQR 9-44) months among patients on low-dose AZA (p = 0.21). Rates of moderate or severe relapse were not significantly different between standard-dose group and lowdose group: 14.4%, 21.0% and 21.0% versus 12.7%, 18.3% and 25.0% during 12, 24 and 36 months, respectively (p = 0.737, Figure 2 Median lymphocyte counts were 1.3 (IQR 0.9-1.8) × 10 9 /l and 1.3 (IQR 1.0-1.6) × 10 9 /l after low-dose and standard-dose AZA therapy, respectively (p = 0.649).
There were 24 patients who discontinued AZA during clinical remission. The median maintenance dose of AZA was 1.2 (IQR 0.9-1.5) mg/kg/ day and the median duration on AZA was 50 (IQR 26-84) months. Relapse rate at 12 months was significantly higher among patients who discontinued AZA than those who maintained on AZA (52.6% versus 29.4%, p = 0.045). Median time to relapse was significantly shorter in patients who discontinued AZA than those who maintained on treatment [10 (IQR 2-15) months versus 15 (IQR 7-36) months, p = 0.012].
During AZA maintenance therapy, one patient on standard-dose AZA (4.5%) and five patients on low-dose AZA (4.7%) used biologics to control active disease (p = 1.000). Among the five patients on low-dose AZA, three patients had myelotoxicity that prevented escalation to standard dose. One patient on standard-dose (5.3%) and five patients on low-dose AZA (4.7%) had colectomy for acute severe UC (p = 1.000).
Side effects
The most frequently observed side effects were leukopenia (n = 27), hepatotoxicity (n = 5), and nausea (n = 5). With a total follow-up duration of 562 person-years, leukopenia occurred in 21.1% of the patients. The incidence rate of leukopenia was 48 per 1000 person-years and the incidence rate of severe neutropenia was 2 per 1000 personyear. The median dosage of AZA at which leukopenia was observed was 1.5 (IQR 1.2-1.8) mg/kg/ day. Patients on standard-dose AZA were significantly more likely to have leukopenia (49.1%) than those on low-dose AZA (19.8%) (OR 3.9, 95% CI 1.9-8.2, p < 0.001).
Leukopenia caused AZA discontinuation in 13 (10.2%) patients (temporal withdrawal: n = 11; permanent withdrawal: n = 2). Among the 11 patients who resumed AZA, six had recurrent leukopenia. Of the 14 patients who had leukopenia but did not discontinue AZA, one maintained the AZA dosage and 13 reduced dosage; five patients had recurrent leukopenia. Overall, recurrent leukopenia occurred in 11 out of 25 (44%) patients.
Discussion
This long-term multicenter observational study using data from a territory-wide IBD registry showed that a substantial proportion of steroiddependent patients with UC (82.8%) were maintained on low-dose AZA. Low-dose AZA was effective in maintaining remission in the Chinese population. Leukopenia is the main side effect, and the rate of recurrent leukopenia is high. The risk for leukopenia increased significantly with higher AZA dose.
Low-dose AZA was effective in our population. Around 70%, 55% and 45% maintained clinical remission at 12, 24 and 36 months, respectively. Although using a strict definition for remission, the relapse rate in our cohort was comparable with that reported in previous studies that investigated the efficacy of standard-dose AZA in maintaining remission (sustained remission rate: 40-76% at 12 months; 45-63% during 3 years) [Jewell and Truelove, 1974; Sood et al. 2000 Sood et al. , 2002 Sood et al. , 2003 Chebli et al. 2010] . Being consistent with the results of a recent systematic review [Torres et al. 2015] , relapse rate in our cohort increased significantly after AZA withdrawal. The proportion of patients requiring escalation to biologics or surgery was around 5%, lower than that reported by studies in which patients maintained on standarddose AZA Sood et al. 2015] .
Leukopenia occurred in 21% of the patients with an incidence rate of 48 per 1000 person-years, higher than 7% and 30 per 1000 person-years, as reported by most studies from western countries [Gisbert and Gomollon, 2008] . Our results were comparable with those from eastern countries [Hibi et al. 2003; Huang, 2009; Kim et al. 2009; Gao et al. 2012; Ran et al. 2012] . The incidence rate of severe neutropenia was 2 per 1000 personyears in our cohort, lower than 9 per 1000 personyears in literature [Gisbert and Gomollon, 2008] . This may be attributed to the common clinical practice of gradual-dose titration and closely monitoring of CBC, through which the dose could be timely adjusted once leukopenia occurred.
There are several reasons for the effectiveness of low-dose AZA in our cohort. First of all, different thiopurine metabolic features between Asians and Caucasians may account for such differences. 6-thioguanine nucleotide (6-TGN) is considered to be the most therapeutic metabolite [Amin et al. 2015] . Higher 6-TGN levels lead to both of the better clinical response and more myelotoxicity [Dubinsky et al. 2000; Osterman et al. 2006; Moreau et al. 2014; Amin et al. 2015] . Roblin and colleagues found a 6-TGN level greater than 250 pmol/8 × 10 8 red blood cells as the only predictor for favorable clinical remission [Roblin et al. 2005] . A previous study has found that the 6-TGN concentrations in Japanese IBD patients on low-dose thiopurine were comparable with those reported from western countries [Andoh et al. 2008 ]. Although we were not able to test thiopurine metabolites in this study, we used surrogate markers. Elevated MCV level was reported as a predictor for 6-TGN levels [Kneebone et al. 2014; Kopylov et al. 2015] , and lower lymphocyte count was independently associated with therapeutic level of 6-TGN [Kopylov et al. 2015] . The significant rise in MCV and lower lymphocyte count after therapy in our study attested to the probable attainment of high 6-TGN concentrations on low-dose AZA in our cohort. We further analyzed MCV levels among patients after AZA therapy and found that more patients with MCV greater than 90 fl after treatment achieved remission (88.1% versus 70.7% of patients with MCV < 90 fl, p = 0.011). It indicated that higher MCV levels after treatment could predict AZA response. Additionally, over 90% of UC patients in Hong Kong are prescribed ASA (unpublished data from the Hong Kong IBD Registry). For steroid-dependent patients, AZA is added on as an escalation of therapy. The high concomitant use of ASA may contribute to the satisfactory efficacy of low-dose AZA. A multicenter study from Italy found that concomitant ASA use predicted sustained remission during AZA therapy [Cassinotti et al. 2009] . Studies from Japan showed that low-dose thiopurine was effective for maintenance of remission, and all of the patients included were on concomitant ASA [Hibi et al. 2003; Andoh et al. 2008] . Although the antiinflammatory effect of ASA may account for a part, previous studies have shown that adding ASA to thiopurine led to increased level of 6-TGN [De Boer et al. 2007; De Graaf et al. 2010; Gao et al. 2012] .
Our study has several strengths. To the best of the authors' knowledge, this is the first long-term observational multicenter study investigating the efficacy of low-dose AZA in maintaining remission in steroid-dependent UC patients. Due to the high myelotoxicity rate caused by AZA therapy among Asians, most practitioners tend to start AZA at a low dose and gradually titrate to a minimal effective dose in order to avoid side effects. We have reinforced the findings of previous studies from our Asian partners that were based on a small sample size from a single hospital [Hibi et al. 2003; Ran et al. 2012 ], or did not separate UC from Crohn's disease [Kim et al. 2009] . Our findings support the 'titration' strategy during AZA therapy and the probable achievement of high 6-TGN levels on low-dose AZA in our population.
This study also has some limitations. Firstly, no thiopurine metabolic levels were measured, such as thiopurine methyltransferase (TPMT) genotype or phenotype and metabolites, as they are so far not routinely available in Hong Kong. TPMT is a principal enzyme in thiopurine metabolism [Amin et al. 2015] . Although TPMT genetic polymorphisms result in different enzyme activity, TPMT genotyping before initiating thiopurine therapy is of limited use in the Asian population [Takatsu et al. 2009; Yang et al. 2014] . A recent Korean study has discovered that nucleoside diphosphate-linked moiety X-type motif 15 was strongly associated with thiopurine-induced leukopenia in Asians [Yang et al. 2014] . Unfortunately, as these tests are not available in most places in Asia, including Hong Kong, we could not provide these data. Instead of directly measuring 6-TGN, the significant increase of MCV and low lymphocyte-count level in our study indicated the probable high 6-TGN concentrations on low-dose AZA therapy. Our results, which were based on a territory-wide population, reflect the real-life settings of AZA use in clinical practice. As it is shown in a large worldwide survey of IBD experts [Roblin et al. 2011] that limited availability or reimbursement of thiopurine metabolism tests results in relative underutilization of these tests, access to and reimbursement of TPMT phenotype and thiopurine-metabolite monitoring becomes urgent in our country. Routine performance of these tests in our clinical practice should optimize therapeutic strategy in the future. Secondly, most data were retrospectively retrieved; missing data were inevitable. Although patients were followed up with clinical and laboratory assessment regularly (every 3-6 months), we were unable to evaluate drug compliance. It is also possible that several changes in management of AZA therapy have occurred during the wide period of observation (from 1981 to 2013) that may lead to bias. Thirdly, the sample size of patients on standard-dose AZA was small, which made it underpowered to perform statistical analysis for some variables and subgroup analyses. However, the overlapping curves between standard-and low-dose groups suggested that the insignificant difference was unlikely caused by underpower. In addition, our results were derived from a Chinese population with a high rate of concomitant 5-ASA use (97.7%). These results might not be extrapolated to other populations. There may also be some bias with data derived from a registry.
In conclusion, low-dose AZA is effective for maintaining remission in steroid-dependent UC patients in the Chinese population. Leukopenia is common and standard-dose AZA was associated with a more than threefold increased risk of leukopenia. Randomized controlled trials with metabolite monitoring in Asians are needed to further investigate thiopurine metabolism and its optimal use in the Asian population.
